Background: Identifying which patients with diastolic dysfunction will progress to heart failure with preserved ejection fraction (HFpEF) remains challenging. The goal of this study is to determine whether increased vascular stiffness as identified on 2D transthoracic echocardiography (TTE) serves as a biomarker for the development of HFpEF in patients with diastolic dysfunction. Methods: The study design is a matched retrospective case-control study. Subjects with diastolic dysfunction were divided into two groups based on whether they had a clinical diagnosis of HFpEF. The two groups were matched based on age, gender, race and body surface area, resulting in 77 matched pairs (n = 154). Data from the first TTE that documented diastolic dysfunction prior to the development of HFpEF was extracted along with baseline demographic and clinical data. Indices of vascular stiffness were measured and compared. A sub-group analysis was performed to compare diabetic subjects in Group 1 (n = 43) to those in Group 2 (n = 21). Results: Group 1 had significantly decreased aortic distensibility as measured on the initial TTE when compared to Group 2 (1.9 ± 1.0 vs. 2.8 ± 1.8 cm
Background
Diastolic dysfunction is known to be an important contributor to the development of heart failure with preserved ejection fraction (HFpEF) [1] . The pathophysiologic mechanisms that contribute to the continuum between diastolic dysfunction and HFpEF have yet to be fully elucidated. Patients with HFpEF have been shown to have arterial stiffening beyond that associated with normal aging and hypertension [2] . The recoil of the ascending aorta during each cardiac cycle may facilitate early diastolic left ventricular filling [3] . Aortic stiffening, as indicated by decreased aortic distensibility, has been associated with more severe symptoms of heart failure in patients with HFpEF [4] . We therefore hypothesize that increased vascular stiffness in the setting of diastolic dysfunction is associated with the development of HFpEF.
Hypertension, coronary artery disease (CAD), obesity, atrial fibrillation (AF), chronic kidney disease (CKD) and diabetes mellitus (DM) have all been shown to be associated with HFpEF [5] [6] [7] [8] . A recent systematic metaanalysis of 27 studies found a significant correlation between arterial stiffness and diastolic dysfunction. Even though it has been speculated that diastolic dysfunction and arterial stiffness may be an important mechanism in the development of HFpEF in these patient populations [9] , there has been no study to date that has correlated arterial or aortic stiffness and diastolic dysfunction with the development of HFpEF. DM in particular has been shown to be an independent predictor of morbidity and mortality in patients with heart failure, with the relative risk of cardiovascular death or heart failure hospitalization conferred by DM greater in patients with HFpEF compared to heart failure with reduced ejection fraction [10] . One hypothesis is that increased advanced glycation end product deposition and collagen cross-linking in the diabetic myocardium leads to endothelial dysfunction and increased vascular stiffness, thereby increasing cardiac afterload and myocardial oxygen requirements, ultimately leading to diastolic dysfunction and the subsequent development of HFpEF [11] .
Pulse-wave velocity, as measured by applanation tonometry, remains the gold-standard non-invasive method for measuring vascular stiffness. Velocityencoded magnetic resonance imaging (MRI) has also been shown to have excellent correlation with invasive hemodynamic measurements of aortic stiffness [12] . In addition, non-invasive measurement of aortic distensibility using TTE has been shown to have a high degree of accuracy when compared with invasive measurements in different populations [12, 13] . TTE is widely available at most medical centers and measurements of vascular stiffness can be performed from a routine comprehensive TTE without the need to follow special protocols or obtain additional images, making it an attractive alternative approach to evaluating aortic stiffness in subjects at risk for developing HFpEF.
The goal of this study is to determine whether increased vascular stiffness serves as a biomarker for the subsequent development of HFpEF in patients with diastolic dysfunction and whether this can be identified on TTE. We hypothesize that those patients who progress from asymptomatic diastolic dysfunction to HFpEF, both diabetic and non-diabetic, have a greater degree of vascular stiffness at baseline compared to those that remain asymptomatic.
Methods

Study design and patient selection
The study design is a matched case-control study in which data was retrospectively reviewed and collected. The study protocol was approved by the Medical College of Wisconsin Institutional Review Board. Human subject research data was de-identified and stored electronically on a secure, password-protected computer server (REDCap). REDCap servers are securely housed in an on-site limited access data center managed by the Medical College of Wisconsin. All web-based information transmission is encrypted. The data is stored on a private, firewall-protected network. All users are given individual user IDs and passwords and their access is restricted on a role-specific basis. REDCap was developed specifically around HIPAA-security guidelines and is implemented and maintained per Medical College of Wisconsin guidelines.
The echocardiogram database at Froedtert Memorial Lutheran Hospital (FMLH) was used to screen TTEs between 7/1/2003 and 7/1/2013. The search terms included (1) diastolic dysfunction and (2) preserved ejection fraction (EF > 50%) and excluded (1) systolic dysfunction, (2) normal diastolic function, (3) E/A fusion, (4) mitral valve abnormalities, (5) severe aortic stenosis, (6) severe mitral regurgitation, (7) annuloplasty and/or (8) bioprosthetic valves. After accounting for serial studies, 561 subjects qualified for the study. Subjects were further excluded if they had missing clinical data (n = 63) in the EHR, any serial TTE report that included an EF of <50% (n = 40), non-diagnostic echocardiograms (n = 10), or if they had previously undergone heart transplantation (n = 1).
Among the remaining subjects (n = 447), the electronic health record (EHR) was reviewed to identify those subjects who had heart failure with preserved ejection fraction. Subjects were assigned to Group 1 (n = 107) if their EHR contained an ICD-9 diagnosis of congestive heart failure and clinical documentation of at least one of the following signs or symptoms of heart failure by the end of the study period: shortness of breath, weight gain, orthopnea, paroxysmal nocturnal dyspnea or increased leg swelling. Subjects were placed into Group 2 (n = 340) if they remained free of heart failure throughout the study period. After information on gender, race, age and body surface area (BSA) was collected, the subjects were optimally matched for these variables to yield 77 matched pairs (n = 154) of subjects which were ultimately included in our study (Fig. 1) .
For each subject, TTE reports were screened in a retrospective fashion until the earliest study that documented diastolic dysfunction was identified, from which echocardiographic data was extracted. Echocardiographic data was initially extracted from the clinical report which was generated by a board-certified cardiologist. This data included: blood pressure (BP), left ventricular posterior wall thickness at end-diastole (LVPWd) and end-systole (LVPWs), left ventricular (LV) mass, LV mass index, LV ejection fraction (LVEF) as measured by Simpson's equation, fractional shortening (FS), LV internal diameter at end-diastole (LVIDd) and end-systole (LVIDs), LV end-diastolic volume (LVEDV) and index, LV end-systolic volume (LVESV) and index, relative wall thickness (RWT), left atrial linear dimension, left atrial volume index, mitral peak E velocity, mitral peak A velocity, E/A ratio, stroke volume (SV) and stroke volume index (SVI). Left ventricular volumes (EDV and ESV) were calculated using the biplane method of disks (modified Simpson's rule). SV, LVEF and FS were determined based on the American Society of Echocardiography/European Association of Cardiovascular Imaging (ASE/EACVI) guidelines [14] and reported in Table 1 . Diastolic function was determined and graded by the interpreting cardiologist according to the recommendation of the American Society of Echocardiography 2002 and 2009 guidelines. The 2002 guidelines identified diastolic dysfunction as having a lower E than A-wave velocity with a prolonged isovolumic relaxation time and shortened deceleration time [15] . Mitral annular tissue e' and a' velocities were not routinely measured or reported until 2009 when diastolic function grading was further defined as: normal diastolic function: E/A ≥1, average e' >9 cm/s; mild diastolic dysfunction: E/A < 1, average e' ≤ 9 cm/s, moderate diastolic dysfunction: E/A ≥ 1, average e' ≤ 9 cm/s, severe diastolic dysfunction: E/ A ≥ 2, average e' ≤ 9 [16] . Because mitral annular tissue velocities were not included on the reports until 2009, we did not report this data in the study.
Additional clinical data including hypertension, CAD, DM, AF, CKD (estimated GFR <60 mL/min/1.73 m 2 for 3 months or more), alcohol and tobacco use, N-terminal pro-hormone brain natriuretic peptide (NT-proBNP) level, glomerular filtration rate (GFR, estimated by the CKD-EPI equation [17] ), and data on medication use (beta blockers, calcium channel blockers, ACE inhibitors and angiotensin receptor blockers) was extracted from the EHR at FMLH.
Assessment of arterial and aortic stiffness
From the earliest TTE documenting diastolic dysfunction in study subjects and prior to Group 1 subjects developing heart failure, the dimensions of the ascending aorta were measured. Ascending aortic diameters were measured three centimeters above the aortic valve at end-diastole (AoD) and end-systole (AoS) in the 2D parasternal view (Fig. 2) . These measurements were used to calculate aortic distensibility and aortic strain using formulas reported in Table 1 . Arterial stiffness and arterial elastance were calculated as reported in Table 1 and included the SV as determined from the same TTE that was used to measure aortic dimensions.
Additional calculations
The following calculations that were not included in the clinical report were performed, as outlined in Table 1 : pulse pressure (PP), diastolic wall strain (DWS), end systolic pressure (ESP), arterial stiffness, arterial elastance, aortic strain, aortic distensibility and relative wall thickness (RWT). Missing blood pressure recordings at the time of the earliest echocardiogram documenting diastolic dysfunction prevented the calculation of some indices of vascular stiffness in 48/77 subjects in Group 1 and 28/77 subjects in Group 2.
For reference, we used previous literature that published mean adult values for aortic distensibility (in cm 2 dyne −1 10 −3 ) and aortic strain (%) in control subjects (10 ± 5.1 and 18 ± 8.0, respectively), hypertensive subjects (3.1 ± 1.5 and 11 ± 7.0, respectively), diabetic subjects (5.1 ± 2.8 and 9 ± 3.0, respectively) and subjects with both hypertension and diabetes (2.0 ± 0.9 and 8 ± 3.0, respectively) [18] .
Statistical analysis
The data analysis was performed using Statistical Analysis System (SAS) software, version 9.3. Continuous variables are expressed in the Tables as mean ± standard deviation and categorical variables as a percentage. For the matched pairs in our study (Group 1 vs. Group 2), McNemar's statistic was used to compare qualitative variables and a one-sample t-test was used to compare quantitative variables. A p-value of <0.0125 was considered statistically significant, based on the Bonferroni correction for multiple comparisons.
We performed a multiple logistic regression analysis to determine whether aortic distensibility is associated with higher predictive risk when adjusting for age, gender, race, BSA, hypertension, DM and CKD. To calculate the optimal cut-off value for aortic distensibility, we fit a simple logistic regression and generated a receiver operating characteristic (ROC) curve to achieve the highest possible level of sensitivity and specificity, and to maximize the area under the curve (AUC).
We also performed simple linear regressions, eliminating outliers more than two standard deviations outside of the mean, to evaluate whether aortic distensibility is correlated to other clinical or echocardiographic parameters, specifically age, gender, race, body surface area, hypertension, DM, CKD, LV mass, LV mass index, LV internal diameter end-diastole, LV-end diastolic volume and index, relative wall thickness and E/A velocity.
An unmatched sub-group analysis was also performed to compare the diabetic patients in each group (Group 1 vs. Group 2). A one-way analysis of variance (ANOVA) was used to compare the differences between groups. A p-value of <0.05 was considered statistically significant for the sub-group analysis.
Results
Baseline characteristics
The baseline characteristics of the two groups are shown in Table 2 . Subjects in Group 1 had significantly more hypertension (p = 0.02), DM (p = 0.0002), CAD (p = 0.01), and AF (p = 0.003), and subjects in Group 1 had significantly lower GFRs (p = 0.002) and significantly In the overall cohort, there were no significant differences between the number of patients on beta blockers, calcium channel blockers, ACE inhibitors or angiotensin receptor blockers in Group 1 versus Group 2 ( Table 2) .
Echocardiographic measurements
The echocardiographic measurements of the two groups are shown in Table 3 . Group 1 had significantly increased left ventricular posterior wall thickness at enddiastole (p = 0.03) and end-systole (p = 0.0001), as well as increased left ventricular mass (p = 0.0004), left ventricular mass index (p = 0.001), left ventricular internal diameter at end-diastole (p = 0.006), and left ventricular internal diameter at end-systole (p = 0.02) compared to Group 2. Group 1 also had significantly increased left atrial linear dimension (p = 0.028) and mitral peak A velocity (p = 0.048) compared to group 2. There were no significant differences in diastolic wall strain (p = 0.23). No significant differences were observed with respect to other TTE measurements including severity of diastolic dysfunction (Table 3) .
Assessment of arterial and aortic stiffness
Group 1 (n = 29) had a significant decrease in aortic distensibility compared to Group 2 (n = 48; p = 0.01). No significant differences were observed with respect to arterial stiffness, arterial elastance and aortic strain (Table 4) .
To further explore the predictive value of decreased aortic distensibility as an independent risk factor for the development of HFpEF, we performed a multiple logistic regression analysis corrected for age, BSA, gender, race, HTN, DM and CKD. The measure of aortic distensibility was a significant predictor of the development of HFpEF [odds ratio = 0.61 and 95% confidence interval (0.39-0.96)].
ROC curves were generated for aortic distensibility as an indicator of future HFpEF development. If aortic distensibilty was not included in the model but all other independent variables (age, BSA, gender, race, HTN, DM and CKD) remained the same, the area under the ROC curve was 0.796. Adding aortic distensibility to the predictive model boosted the area under the curve to 0.815. Therefore, at the time diastolic dysfunction is first detected by echocardiogram, the addition of aortic distensibilty increases the predictive value of the underlying co-morbidities for HFpEF development. To determine an optimal cutoff for aortic distensibility, we fit a simple logistic regression to arrive at a cutoff of 1.84 cm 2 dyne −1 10 −3 with 62.1% sensitivity and 68.8% specificity (Fig. 3) .
Furthermore, using simple linear regressions that eliminated outliers more than two standard deviations outside of the mean, aortic distensibility was poorly correlated to age (r 2 = 0.007), gender (r 2 = 0.003), race (r 2 = 0.004), BSA (r 2 = 0.00002), hypertension (r 2 = 0.11), DM (r 2 = 0.02), CKD (r 2 = 0.08), LV mass (r 2 = 0.04), LV mass index (r 2 = 0.05), LV internal diameter end-diastole (r 2 = 0.03), LV end-diastolic volume (r 2 = 0.03), LV end-diastolic volume index (r 2 = 0.04), relative wall thickness (r 2 = 0.03), and E/A velocity (r 2 = 0.07).
Diabetic sub-group analysis
A sub-group analysis was performed to compare diabetic subjects in Group 1 (n = 43) to diabetic subjects in Group 2 (n = 21). There were no significant differences observed between groups in terms of age, gender, race, BSA, tobacco use, alcohol use, CAD, hypertension, AF or cardiac medication usage ( Table 5 ). The vascular stiffness measurements, as in the main cohort, were limited by missing blood pressure recordings. Despite this, Group 1 (n = 43) was noted to have significantly decreased aortic strain compared to Group 2 (n = 9; p = 0.02). Aortic distensibility was also significantly decreased in Group 1 (n = 17) compared to Group 2 (n = 14; p = 0.02). Differences in arterial stiffness and arterial elastance did not reach statistical significance (Table 6 ).
Discussion
Our study found that in subjects with asymptomatic diastolic dysfunction, decreased aortic distensibility identified on TTE is associated with an increased risk of developing HFpEF compared to similar subjects with normal aortic distensibility on TTE. These findings extend to the diabetic population with asymptomatic diastolic dysfunction, in which both decreased aortic distensibility and aortic strain were shown to precede the development of HFpEF. Our findings can be explained by the following pathophysiologic model, initially proposed by Massie in 2003: as the aorta becomes less elastic in the setting of arteriosclerosis, aging and hypertension, parallel structural changes of hypertrophy and fibrosis occur in the cardiac Note: All data expressed as mean ± standard deviation. Group size is listed in parentheses myocardium because of increased vascular load, leading to decreased myocardial compliance, impaired relaxation and left ventricular diastolic dysfunction. Over time, chronically elevated diastolic pressures in the left ventricle lead to the development of symptomatic heart failure [19] . Gillebert highlighted the concept of loaddependent diastolic dysfunction, a physiologic process by which afterload that crosses a particular threshold causes slow and incomplete myocardial relaxation, resulting in elevated filling pressures and ultimately congestive heart failure [20] . In 2011, Borlaug and Kass further refined the model by incorporating the concept of ventricular-arterial coupling into the pathophysiological development of HFpEF. In brief, the net interaction between ventricular and arterial stiffness impacts cardiac function and dictates the development of symptoms due to a greater dependence on systolic pressure for coronary flow and increased ischemia for a given drop in systolic blood pressure, which is exacerbated by exercise in patients with HFpEF [21] . In support, Ikonomidis et al. found that impaired left ventricular untwisting is associated with increased arterial stiffness, increased markers of collagen turnover and decreased coronary flow reserve in subjects with hypertensive heart disease, suggesting that impaired ventricular-arterial coupling precedes the development of HFpEF [22] . While brachial pulse pressure has historically been used as a crude surrogate for arterial stiffness, Naka et al. suggested in 2015 that the prognostic role of central aortic pressure, a potentially more robust marker of risk in heart failure, needs to be further investigated [23] .
Chirinos et al. also demonstrated the concept of pulsatile load, which suggests that wave reflections that arise in peripheral arteries and return to the proximal aorta during mid-to-late systole are important contributors to left ventricular afterload. Their study demonstrated that increased arterial wave reflections during mid-to-late systole are associated with an increased risk for cardiovascular events and the development of heart failure symptoms [24] . Thus, it is possible that increased pulsatile load over time results in chronically elevated pressures in the ascending aorta, resulting in increased aortic stiffness and left ventricular afterload, and ultimately the development of HFpEF by inducing structural and functional changes in the left ventricular myocardium as described in the literature above.
When measuring proximal aortic stiffness, it is important to account for the dynamic effect of pulsatile load on the compliance of the aorta [25] . The equation used to measure proximal aortic distensibility includes pulse , with 62.1% sensitivity and 68.8% specificity. The AUC of the ROC curve is 0.671 pressure as well as aortic strain; therefore, it accounts for a more physiologic and continuous measurement of aortic stiffness [12] . Even though other reliable noninvasive methods such as brachial-ankle pulse wave velocities take into account the peripheral vascular bed [26] , the advantage of measuring proximal aortic stiffness from TTE is that it can still be assessed at the same time diastolic dysfunction is discovered in an individual subject without the need for additional testing.
Increased arterial stiffness has previously been correlated with diastolic dysfunction [27] [28] [29] . Namba et al. showed evidence in a cross-sectional study that cardioankle vascular index was independently associated with LV diastolic dysfunction in subjects with cardiovascular disease [27] . The study findings reported by Seeland et al. and Alba et al. support the significant associations between pathologic pulse wave velocities and the prevalence of diastolic dysfunction in women [28, 29] . Therefore, the increased correlation between arterial stiffness and asymptomatic diastolic dysfunction in subjects may also account for the lack of statistical significance between the two groups, each with diastolic dysfunction in our study. However, the statistically significant difference in aortic distensibility found between the two groups in our study suggests that even though increased peripheral arterial stiffness is associated with asymptomatic diastolic dysfunction, the additional contribution of increased proximal aortic stiffness may be required for the progression from asymptomatic diastolic dysfunction to HFpEF. In other words, it may be that the increased stiffness of the ascending aorta rather than the peripheral vasculature is the pathologic mechanism which drives the progression from diastolic dysfunction to HFpEF. Prospective studies are needed to further investigate the contribution of proximal aortic stiffness to the development of HFpEF.
Strengths
The strengths of our analysis included the longitudinal nature of the study, which allowed us to investigate whether increased vascular stiffness precedes the development of HFpEF in patients with asymptomatic diastolic dysfunction. In addition, our matched cohort design allowed us to control for confounding variables including age, race and gender, all of which are known to be associated with vascular stiffness [28, 30, 31] . Subjects were also matched for BSA because BSA is a key determinant of aortic root and arch dimension [32] . In addition, matching allowed us to use a smaller sample size as compared to an unmatched study. Furthermore, our calculated values for aortic distensibility and aortic strain were similar to those published in previous literature, particularly for hypertensive and diabetic patients [18] .
Limitations
The number of subjects and retrospective design are important limitations of the study and any associations discussed should be considered in this context. Our sample size was further limited due to missing data in the analyzed TTE reports. For instance, 48/77 subjects in Group 1 and 28/77 subjects in Group 2 did not have blood pressure recordings at the time of their echocardiogram, [33] . Therefore, it is possible that some echocardiograms interpreted as having diastolic dysfunction or that some studies that were assumed to have normal diastolic function in 2003 would no longer receive the same classification under the new guidelines. However, incorporating peak E and A-wave velocities and E/A ratio into the determination of diastolic function has not changed since 2002.
Subjects were not matched for co-morbidities commonly seen in HFpEF such as hypertension, DM and CKD because we wanted to confirm the validity of our data set by reproducing the previously demonstrated association between the development of HFpEF and these co-morbidities. These covariates were adjusted for in the multiple logistic regression analysis to eliminate the effect of these variables on HFpEF development.
Conclusions
This study confirmed the previously demonstrated association between the development of HFpEF and the presence of hypertension, DM, CAD, CKD and AF [5, [11] [12] [13] . However, the presence of decreased aortic distensibility on TTE in patients with diastolic dysfunction prior to the development of HFpEF is a novel finding.
In summary, these data support the conclusion that incorporating the simple measurements and calculations of proximal aortic stiffness, including distensibility and strain, when diastolic dysfunction is first identified on TTE may help to identify higher risk patients prior to the development of HFpEF. Larger prospective studies are needed to further investigate this relationship and to determine whether early interventions to control blood pressure and diabetes can alter the outcome in these patients. 
